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ABSTRACT
We carry out general relativistic ray-tracing radiative-transfer calculations to study whether a lo-
calized emission from e± plasma rings created at the stagnation surface in the jet funnel, to which
we refer as stagnation rings, can explain the ring image of M87 observed by Event Horizon Telescope
(EHT) 2017. The resultant images consist of the direct image of the stagnation rings and the ring
images formed via the strong deflection by the black-hole (BH) gravity, to which we refer as ”quasi
photon-ring”. For the model with the BH spin a∗ = 0.99, the direct image of the counter-jet and quasi
photon-ring are almost coincident to the photon ring with diameter ∼ 40µas, while the approaching
jet shows the small ring-image inside them. The synthetic observation image assuming the EHT 2017
array is consistent with that observed in M87, because the array is a bit sparse to detect the inner
ring image. This indicates that the ring image in M87 might contain the important feature of the
jet bases in addition to the photon ring. We find that forthcoming EHT observations can resolve
the stagnation-ring image and may enable us to explore the plasma-injection mechanism into the jet
funnel.
Keywords: black hole physics — radiative transfer — galaxies: active — galaxies: jets — radio con-
tinuum: galaxies
1. INTRODUCTION
Many general relativistic (GR) magnetohydrodynamic
(MHD) simulations of magnetized accretion flows onto
Kerr black holes (BHs) (McKinney & Gammie 2004;
Porth et al. 2019, and references therein) show that a
BH-driven relativistic jet is realized in the magnetically-
dominated funnel region via Blandford-Znajek process
(Blandford & Znajek 1977; Beskin 2009; Toma & Taka-
hara 2016), while the matter-dominated turbulence
outside the funnel does not drive relativistic outflow
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(Sa¸dowski et al. 2013; Nakamura et al. 2018). In the
funnel region, particle outflows are thought to originate
from the stagnation surface, below which the particles
fall by the BH gravity (Takahashi et al. 1990; Pu et al.
2015). This picture of the funnel is based on MHD,
whereas the MHD condition might be broken in some
parts at/below the stagnation surface (e.g., Broderick &
Tchekhovskoy 2015; Hirotani & Pu 2016; Kisaka et al.
2020). Such inner regions of jets have not been probed
by any observation.
The giant elliptical galaxy Messier 87 (M87) is one of
the nearest radio galaxies with a prominent relativistic
jet extending to several kilo-parsec scales (Owen et al.
1989; Sparks et al. 1996), which has been studied in de-
tail with Very Long Baseline Interferometry (VLBI) ra-
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dio observations (Hada et al. 2011; Asada & Nakamura
2012; Mertens et al. 2016; Walker et al. 2018) and their
theoretical modelings (Nakamura & Asada 2013; Kino
et al. 2014, 2015; Nakamura et al. 2018). The limb-
brightening feature with superluminal blob motions at
15-86 GHz (Kovalev et al. 2007; Hada et al. 2016; Walker
et al. 2018) which is seen down to ∼ 50 rg (rg ≡ GM/c2;
Kim et al. 2018) may have hints for driving and emis-
sion mechanisms of the jet (Takahashi et al. 2018; Naka-
mura et al. 2018; Ogihara et al. 2019). More inner re-
gion can be investigated with increasing frequency as
the jet becomes increasingly more transparent. One of
key questions is whether the particle flow starts with
bright emission at the stagnation surface near the jet
edge (Broderick & Tchekhovskoy 2015; Aharonian et al.
2017; Pu et al. 2017).
The Event Horizon Telescope (EHT) observed the cen-
ter of M87 in 2017 with ∼ 25 µas angular resolution at
230 GHz, and detected the BH shadow surrounded by
bright ring-like emission (Event Horizon Telescope Col-
laboration 2019a,b,c,d,e,f, hereafter EHTC2019a, b, c,
d, e, f). In EHTC2019e, comparing the observational
data to theoretical models which combine GRMHD sim-
ulations and GR ray-tracing radiative-transfer (GRRT)
calculations revealed that the observed ring originates
from diffuse, optically-thin synchrotron emission from
thermal electrons in the accretion disk and/or funnel
wall (i.e., the region just outside the funnel) at r . 4 rg.
However, those calculations in EHTC2019e assumed no
emission from the funnel region (i.e., the ratio of the
magnetic to rest-mass density σ > 1), and thus its con-
tribution to the observed ring image has not been thor-
oughly studied yet.
In this Letter, we build a simple model of emission
in the funnel, specifically at the bottom of the stagna-
tion surface (with no emission from the accretion disk
or funnel wall), and examine whether such emission can
reproduce the observed ring-like emission structure by
calculating GRRT and subsequent image reconstruction
assuming EHT arrays.
2. SETUP OF STAGNATION RING MODEL AND
GRRT CALCULATIONS
We compute the images of the stagnation ring with
non-thermal electrons around the Kerr BH, by using a
GRRT code RAIKOU(Kawashima et al. 2019, Kawashima
et al. in prep.). We set the BH-spin parameter a∗ =
0.5, 0.7, 0.9, and 0.99. Throughout this work, the BH
mass is set to be 6.5×109M (EHTC2019f). The ob-
server screen with the field of view 160µas × 160µas
divided by 2400×2400 pixels is located at 104rg with
viewing angle i = 163◦. We assume the distance from
Table 1. Parameters of stagnation ring model.
a∗ rf [rg] ne(nth) [cm
−3] Ω [rg/c] Ω/ΩH
0.5 13 4.45× 102 0.06 ' 0.45
0.7 10 6×102 0.08 ' 0.36
0.9 6.5 1.75×103 0.15 ' 0.48
0.99 4 3×103 0.2 ' 0.46
Note—The parameters B = 50 [G], rsize = 0.5 [rg],
γmin = 50, γmax = 5× 103, and p = 3.5 are used in
the all models in this letter. The resulting radiative
fluxes at 230 GHz are ' 0.6 Jy in all models.
Figure 1. Location and geometry of the stagnation rings.
Blue, filled circles display the stagnation rings. Gray curves
present outermost streamline in the jet funnel described by
Equation (1). The cyan dashed lines describe the rough po-
sition of the stagnation surface (more precise and detailed
structure is shown in Figure 14 in Nakamura et al. 2018).
The red dotted-lines display the innermost and outermost
photon spheres (Teo 2003, sea also EHTC 2019e), to which
is referred as the photon shell (Johnson et al. 2020). The
photon spheres for the observer with viewing angle i = 163◦
exist inside the photon shell.
the BH to the Earth to be D = 16.7 Mpc (Bird et al.
2010).
First of all, we present the location and the structure
of the stagnation ring (see Figure 1). We set e± plasmas
at the bottoms of the stagnation surfaces in the funnel
of the approaching- and counter-jets. Figure 1 presents
the position of the stagnation ring. The position of the
stagnation-ring center locates inside the the outermost
streamline in the jet funnel, which can be represented
by the magnetic stream function (Tchekhovskoy et al.
2008) being connected with outer horizon of the BHs on
3Figure 2. Images of the stagnation ring taking into account both of the approaching- and counter-jet emission (top), approaching
jet only (middle), and counter jet only (bottom) with PA= 270◦. For each BH-spin parameter, the color represents the intensity
normalized by the maximum intensity of the models including both of the approaching- and counter-jet. Since the quasi photon-
ring is too thin and dim in the palel of AJ emission with a∗ = 0.5, we insert the rectangular box showing the magnified view of
a part of the quasi photon ring and the direct image of AJ. As we mentioned, one can find the sub-ring structure of the quasi
photon-ring in the magnified view.
the equatorial plane:
Ψ(rf , θf) =
(
rf
rH
)κ
(1− cos θf) = 1, (1)
where (rf , θf) describes the outermost streamline in the
jet funnel and rH = rg(1+
√
1− a2∗) is the outer horizon
radius of the Kerr BHs. We set κ = 0.75 in such a way
that the magnetic-streamline shape is consistent with
the VLBI observations (Hada et al. 2016; Kim et al.
2018), and choose rf/rg as summarized in Table 1 to be
consistent with GRMHD simulations (Nakamura et al.
2018).
The radius of cross-section circle of the stagnation
rings (i.e., the radius of the blue circles in Figure 1) is set
to be rsize = 0.5rg, being in rough agreement with the
estimated scale length of the emission region inside the
M87 jet. The synchrotron cooling timescale tsyn limits
the scale length of the emission region as `syn = ctsyn =
3mec
2/4σTUBγ± ∼ 0.3rg(B/50 G)−3/2(νsyn/230 GHz)−1/2,
where we have assumed that the Lorentz factor of
bulk motion is ∼ 1 at the stagnation surface, and
νsyn = eBγ
2
±/2pimec.
Physical quantities of stagnation rings are as follows.
We set the magnetic-field strength B = 50 G (Kino
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et al. 2015). The energy spectrum of the non-thermal
electrons are assumed to be ∝ γ−p in the range 50 ≤ γ ≤
5 × 103, where γ is the Lorentz factor of the electrons
and the power-law index is p = 3.5. Here, the mini-
mum Lorentz factor is chosen to be νsyn ∼ 230 GHz, be-
ing consistent with the parameter range in Dexter et al.
(2012). The maximum Lorentz factor is set to be so high
that it does not affect the results at 230 GHz. We set the
number density of the non-thermal electrons as shown
in Table 1, in such a way that the resultant radiative
flux at 230 GHz to be ' 0.6Jy (EHTC 2019d). Refer-
ring to the angular velocity of stagnation surface shown
in GRMHD simulations in Nakamura et al. (2018), nor-
malized angular velocity of the stagnation ring is set
as described in Table 1, which will be almost equiva-
lent with the angular velocity of the magnetosphere of
the BH, since the radial (and poloidal) velocity is zero
at the stagnation suraface. We note that Ω/ΩH ' 0.5
and rougly consistent with those in Tchekhovskoy et al.
(2010), where ΩH = a∗c/2rH.
We calculate the GRRT images of the stagnation-
ring model at 230 GHz. We assume that it is vac-
uum outside the stagnation ring to focus on the pos-
sibility that stagnation ring mimic the ring-like image
observed in M87 without the uncertainty of the accre-
tion flow emission. The synchrotron emission and ab-
sorption via the non-thermal electrons are incorporated
as described in Dexter (2016), in which, the coefficient
of emissivity and the absorption are numerated and tab-
ulated without assuming γ2minνp  ν  γ2maxνp, where
νp = 3eB sin θB/4pimec. Following some works based on
semi-analitic models (e.g., Pu et al. 2016), we fix the
angle between the ray and the magnetic field to be pi/6
for simplicity.
3. SIMULATED STAGNATION RING IMAGES
AND COMPARISON WITH THE RING IMAGES
OF M87
The resulting image of the stagnation ring is shown in
Figure 2. The top panels present the total ring-images
including both of the approaching- and counter-jet. The
position angle of the jet is assumed to be 270◦, i.e., the
observer is in the the West (right) direction in the screen.
It is shown that the diameter of the all ring-images de-
creases with increase of the BH spin, as a consequence of
the appearance of the stagnation ring closer to the BH
when the BH spin is higher. Importantly, for a∗ = 0.99,
the stagnation-ring image in the counter-jet region (i.e.,
the outer ring) almost coincide with the photon ring
with diameter ∼40µas, which is consistent with the ob-
served ring diameter in M87. We also note that that
the small ring via the approaching jet emission appears
inside the ∼40µas ring.
In order to understand these complicated ring fea-
ture, we decomposed the images into those from the
approaching- and counter-jet emission, as shown in the
middle and bottom panels in Figure 2, respectively (see
also Appendix A in Davelaar et al. 2019, for more sim-
plified model with a∗ = 0).
The bottom panels in Figure 2 display the images
of photons emitted from the counter-jet region. The
separated ring images (i.e., the outer-broad and the
inner-narrow rings) appear in all the models except the
model with a∗ = 0.99. The outer-broad ring is the
(gravitationally-lensed) direct emission images of the
stagnation ring. The inner rings are formed by the pho-
tons which turned around the BH after the emission
from the stagnation ring. The images are nearly identi-
cal to the photon ring, however they are slightly larger
than that. This is because the photons propagate in the
region slightly outside the photon spheres after their lo-
calized emission from the stagnation ring1 We refer to
this ring image as a ”quasi photon-ring”. The quasi
photon-rings asymptotically become coincident with the
photon ring as the BH spin increases, since the stagna-
tion ring locates closer to the BH. The size of the gap
between quasi photon-rings and the direct ring-images
decreases as the BH spin increases, since the diameter
of the inner, quasi photon-ring more weakly depends on
the BH spin than the direct images. Finally, for the
model with a∗ = 0.99, these two rings merge and are
almost coincident with the photon ring, because a part
of the stagnation rings overlaps to the photon shell (see
Figure 1).
In the middle panels, the approaching-jet emission
also shows the direct emission image of the stagnation
ring and the quasi photon-rings. The direct emission im-
age appears in the West direction in the screen (i.e., close
to the observer). As is the case with the counter-jet, the
diameter of the direct ring-images decreases more dras-
tically than the quasi photon rings do as the BH spin
increases. For the model with a∗ = 0.99, the direct ring-
image of the approaching jet appears inside the (quasi)
photon rings.
1 Of course, the inner rings are composed of multiple sub-ring im-
ages, which is formed by photons turn around the BH less and
more than one orbit. When the photons rotate more, the image
becomes more similar to the photon ring with lower resulting ra-
diative flux (see, e.g., Luminet 1979; Johnson et al. 2020). In
this study, we focus on the most luminous one formed by the
photons turning around the BH less than one orbit, so that the
diameter of the ring-image is slightly larger than the photon ring,
especially for the lower BH-spin models.
5Figure 3. Reconstructed image of models with a∗ = 0.99(top), 0.9 (middle), and 0.7 (bottom) using SMILI. The first column
displays the theoretical model as a reference. The second, third, and fourth columns present the reconstructed images assuming
the array of EHT 2017, 2020, and 2023, respectively.
As a consequence of the relativistic Doppler ef-
fect due to the rotation of the stagnation ring with
the magnetosphere-rotation velocity, the rings become
bright on the South side. This effect becomes more sig-
nificant as the BH spin increases, because the magneto-
sphere rotates faster.
Next, we show the results of synthetic observation
of our theoretical images at 230 GHz, assuming EHT
arrays from the past (EHT 2017) to the future ones
in Figure 3. The synthetic observational data are
created with the eht-imaging library (Chael et al.
2016, 2018) and imaged with SMILI (Akiyama et al.
2017b,a). We here considered three array configura-
tions: the EHT2017 array with seven stations at five
geographic sites, the EHT2020 array with the addi-
tional three stations at Kitt Peak, Plateau de Bure
and Greenland (see EHTC2019b for details) and the
EHT2023 array with the addition of 345 GHz cover-
ages qualitatively simulating the improvement provided
by multi-frequency synthesis. We adopted the nomi-
nal sensitivities and atmospheric conditions of telescopes
at 230 GHz (EHTC2019b). Images were reconstructed
with `1+TSV regularizations (e.g., EHTC2019d) pro-
viding reasonable fits (χ2ν ∼ 1.0) for all three models.
For the model with a∗ = 0.99, the synthetic obser-
vation image with the EHT2017 array quantitatively
agrees with the imaged observed in M87: the diame-
ter of the ring is ∼ 40µas and the brightness asymme-
try in the ring appears (i.e., the South part is roughly 2
times brighter than than the North one). The inner ring
(i.e., approaching jet image) is not observed because the
EHT2017 array has still sparse configuration. The outer
ring consists of the photon ring and the stagnation-ring
image in the counter-jet region overlapping the photon
ring, i.e., its diameter is ∼40µas. These are the reason
6 Kawashima et al.
why the resultant synthetic image coincides with the ob-
served ring image in M87.
On the other hand, the synthetic images of the mod-
els with the other spin parameters (a∗ = 0.7 and 0.9)
are not similar to the observed image. The theoretical
images of these parameters show the ring of counter-
jet with diameter significantly larger than that of pho-
ton ring, and these large ring images are well recon-
structed in the synthetic images. For the model with
a∗ = 0.7, the inner ring is also reconstructed, i.e., the
double-ring structure appears in the synthetic images.
These features are not found in the M87 ring images
(EHT2019c,d,f), so that the models with a∗ ≤ 0.9 are
disfavored.
As is shown in the third and fourth columns in Figure
3, future EHT observations can identify the existence of
the stagnation ring. Here, we focus on the model with
a∗ = 0.99. With the EHT2020 array, a faint feature of
the inner ring can be detected. However, it a faint spot
image and more clear images will be required to certifi-
cate the appearance of the stagnation ring. If we assume
the EHT2023 array, the resolution of the image is dras-
tically improved thanks to 345 GHz coverages and one
can successfully identify the inner ring (i.e., approach-
ing jet) in the image. This indicates that forthcoming
EHT observations will enable us to test the models, and
furthermore, to explore the plasma-injection mechanism
of the relativistic jets.
4. SUMMARY AND DISCUSSION
We carried out general relativistic ray-tracing radia-
tive transfer calculations to study whether the localized
emission from stagnation ring, which is the e± plasma
ring created at the stagnation surface in the jet funnel,
can reproduce the ring-like image of M87. We found
that the resulting images consist of the direct image of
the stagnation ring and the images formed via the strong
deflection of the ray, to which we refer as quasi photon-
ring. The diameter of the ring-images drastically de-
crease except the quasi photon-ring with increasing the
BH spin, because the stagnation surface appears in the
region closer to the BH when the BH spin is higher.
For the model with a∗ = 0.99, direct ring-image by
stagnation ring in the counter-jet region and the quasi
photon-ring are almost coincident with the photon ring.
The inner ring, which is the direct image of the stag-
nation ring in the approaching jet, appears inside these
∼ 40µas rings. Importantly, the inner ring is difficult
to be resolved by using EHT 2017 array. This indicates
that the asymmetric ring image observed in M87 may
include a direct-emission image from the jet basis in ad-
dition to the photon-ring image. Forthcoming EHT ob-
servations of M87 can resolve the inner ring feature. If
the inner-ring image would be detected, it may enable us
to study the plasma-injection and launching mechanism
of the relativistic jet.
One may think that the approaching-jet emission
would reproduce the ring image with ∼ 40µas for the
models with the BH spin between a∗ = 0.7 and 0.9 (see
Fig. 2), if the counter-jet was obscured by the accretion
flow. However, this situation will be difficult to be real-
ized. This is because the remarkable absorption by the
accretion flow will also result in the significant emission
from itself.
The morphology of the image of the a∗ = 0.99 model
is similar to those of SANE (Standard And Normal Evo-
lution, see EHTC2019e and references therein) mod-
els with a∗ = 0.94 (Figure 2 in EHTC2019e). Their
SANE models passed the reduced χ2 test for imaging,
and this means that our reproduction of the features
of M87 in the reconstructed image is reasonable. Our
stagnation ring models also include a case of the emis-
sion from the highly magnetized funnel in MAD (Mag-
netically Arrested Disk, see EHTC2019e and references
therein) models, which was not taken into account in
EHT2019e. Simultaneous calculation of stagnation ring
and the MAD remains as a future work.
The ratio of energy of e± to magnetic field is U±/UB =
1.4×10−8, 1.9×10−8, 5.4×10−8, and 9.3×10−8 for a∗ =
0.5, 0.7, 0.9, and 0.99, respectively. This is qualitatively
consistent with the magnetic-energy dominant jet pic-
ture in M87 (Kino et al. 2015). On the other hand,
MAGIC Collaboration et al. (2020) demonstrated that
particle energy dominates the magnetic energy at the
emission site of the very high energy (VHE) γ-ray in
M87. Unified picture of the jet which simultaneously
explains the radio and VHE γ-ray emission may be ad-
dressed by considering multi-zone disk-jet models.
In this Letter, we simply set the number density of
e± plasma to reproduce the observed flux in M87 at 230
GHz and assumed that the bottom of the stagnation sur-
face is bright and the other part of the surface is dim. It
should be noted that the number density of e± plasma is
higher than the Goldreich-Julian density (∼ ΩB/2piec
∼ a∗B/8pierH ∼ 10−5cm−3 for a∗ = 0.99, where e is the
elementary charge). In order to inject the high den-
sity e±, the γγ pair-production (Mos´cibrodzka et al.
2011), an inverse-Compton pair-catastrophe amplified
by a post-gap cascade (Broderick & Tchekhovskoy 2015)
and further processes (e.g., e± injection-processes initi-
ated by the proton acceleration in magnetically arrested
disks, Kimura & Toma 2020) would be needed. Alter-
natively, magnetic reconnection near the jet bases may
inject electron-proton plasma from the accretion flow
7into the jet funnel. These processes may also inject
the plasma into the other part of the stagnation sur-
face. Exploring the injection mechanism of plasma will
be addressed in future work.
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